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Extremely rare nuclear
decay where two neutrons
decay into two protons
simultaneously.

(A,Z) > (A,Z+2) + 2e (+2v,)

Only observable when
single beta decay is
energetically forbidden.

Double Beta Decay has
been observed for a handful
isotopes, although not for
136Xe.

Double beta decay
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Two types of double beta decay

Two neutrino double beta decay
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Neutrino masses
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Neutrinoless double beta decay
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= ‘<mﬂﬂ>‘ Effective Majorana mass is a coherent sum over mass eigenstates

2
ZmiUei
i

(Z%ﬂﬂ)_l = Govﬂﬂ (Qﬂﬂ’Z)Moyﬁﬁ‘2<mﬁﬁ>2 Decay rate observed in a detector

OvBP requires that neutrinos are massive Majorana particles, and lepton number
non-conservation
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Probing the v hierarchy with ov[3[3
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Why use xenon?

Xenon isotopic enrichment is easier. Xenon is a gas & 136Xe is the heaviest
isotope.

Xenon is “reusable”. Can be repurified & recycled into new detector.

Monolithic detector. LXe is self shielding, surface contamination minimized.
Minimal cosmogenic activation. No long lived radioactive isotopes of xenon.
Energy resolution in LXe can be improved. Scintillation light/ionization correlation.

... admits a novel coincidence technique. Background reduction by barium
daughter tagging.
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Measure energy and position
of decay event in a Time
Projection Chamber (TPC)
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The EXO concept

Identify the barium ions wi
laser spectroscopy

Transfer Ba* to an
RF trap with a
probe
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Detect flourescence light with a



EXO-200

A\
“or double bc*a decay
>N Yl
A 200kg enriched liquid xenon low-
background TPC with simultaneous
ionization and scintillation read-out.
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Gas xenon prototype under construction

Csl phtotocathode
—— methane region

quartz window

high field region
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Fluorescence [au]

Ba* in a gas-filled quadrupole ion trap
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for double beta decay

Spectroscopy

lasers
Ba oven
Scope—»

: 0 Volts

e Ba
o Buffer gas

-5 Volts

* Observed fluorescence of a single Ba* in a buffer
gas filled ion trap (~ 103 torr He, some Xe)

M.Green et al., Phys Rev A 76 (2007) 023404
B.Flatt et al., NIM A 578 (2007) 409
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Resonant lonization spectroscopy (RIS)

RIS uses lasers tuned to atomic resonances to
first excite and then ionize neutral Ba.

Pulsed dye lasers at 553.5 nm and 389.7 nm

lons counted in a channeltron

Plan: couple RIS system to quadrupole ion

trap
Ba*tbtd = === = =
1 5d8d P,
Bates ==~ — <
389.7nm
¥ 6s6p P,
553.5nm
6s2 1S,
July 6, 2010
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RIS time of flight

for double beta decay
g 30— Desorption+RIS lasers (Black) B ion Source
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Efficiency of ~103 in “bulk mode” setup. New “single ion
mode” setup being tested now.
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alpha &»

Single barium ion source

Surface Barrier Detector
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EXO-200 TPC

Central HV plane
(photo-etched
phosphor bronze)

teflon light reflectors

acrylic supports

field shaping rings (copper)
LAAPD plane (copper) and x-y wires
(photo-etched phosphor bronze)

flex cables on back of
APD plane (copper on
kapton, no glue)

— & x-y crossed wires,
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EXO-200 cryostat and lead shielding

for double beta decay

Lead shielding

Copper cryostat filled with
HFE heat transfer fluid

July 6, 2010 Russell N@i



WIPP underground facility £

WIPP Facility and Stratigraphic Sequence
EXO-200 has been assembled

SALTSTORAGE PILES WASTE HANCUNG GATUNA
\ SAL!SE.I&}CTMG SUPPORT BUILDING === 0.36HR. . .
AIR INTAKE SHAFT ——
P o L e and commissioned at Stanford,
- & T DEWEY LAKE

and transported to WIPP in
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L] B Carlsbad, NM.
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Materials qualification database
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N
for double beta decay

e Neutron Activation Analysis (NAA) - Alabama (MIT reactor)
¢ |CP-MS and GD-MS - INMS (Ottawa), commercial outfits

e Radon emanation - Laurentian (Sudbury)

e Gamma counting - Neuchatel, Alabama

e Alpha counting - Alabama, Carleton, SLAC, Stanford

e Monte Carlo

EXO materials testing summary

] Information K conc. Th conc. U conc.
Material " MD#
arer Source (10 g/g] (10712 g/g] (10712 g/g]
TPC and Internals
. UA. NAA
SNO acrylic, batch 48, panel 09, 8/26/06 39 <3.1 <16 <22
Dupont Vespel. batch SP-1 PLAQUE PGF 9713. Plaque 1. UA. . NAA )
EXO production 6/22/06. Material reserved at Dupont. 8/26/06 14.1 282229 <12 <18
Dupont Vespel, batch SP-1 PLAQUE PGF 9714. Plaque 2. UA. . NAA }
EXO production 6/22/06. Material reserved at Dupont. 8/26/06 — 627 <23 <28
INMS
Norddeutsche Affinerie OFRP copper. Produced 6/1/2006 for || (Canada) 85 <55 <05 <03
EXO. Batch E263/3E1. Sample DOWN collected at DESY . ICPMS - I ’ ’
9/1/06
INMS
Norddeutsche Affinerie OFRP copper. Produced 6/1/2006 for || (Canada) 85 <50 <05 <03
EXO. Batch E263/3E1. Sample UP2 collected at DESY . ICPMS — — ’ ’
91406
I Fonrac I | I |

D. Leonard et al., Nucl. Inst. Meth. A 591 (2008) 3.
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LAAPDs for scintillation light detection

* Low intrinsic radioactive
contamination.

Lightweight (0.5g each)
Made from high purity
silicon

Fabricated in clean room
environments

High purity aluminum
supplied to manufacturer

* High quantum efficiency for
175nm light (>50%).

* Small physical size.

July 6, 2010
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for double beta decay
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Leakage Currnt (nA)

LAAPD properties - leakage current
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Gain
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LAAPD properties - gain
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LAAPD characterization

AP

N\
for double be
AN

468 LAAPDs are used in EXO-200. They
were tested 16 at a time in the APD
testing chamber.
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\ S



LAAPD test chamber

i i A | 0 AR i _ .
- L] A - Two radioactive sources:
>
14SGd 55Fe .
: =} W\ = *>>Fe — mono-energetic 5.9 keV X-rays
N\ Xe LN Cooling for measuring APD gain.
— Tubes
Ribbon Teflon . L. . .
~" Cable eXenon Scintillation Light Source— alpha
, . - source in xenon gas for measuring QE at
/ 175nm.
XSLS
Ceramic
Breaks T~
\

5-2009
8791A1

July 6, 2010 Russell Neilson 24



Test chamber cooling

for double beta decay

APD Chamber

The LAAPDs are cooled at
169K, stable to 0.1K, with two
PID loops.

150W heater

20W heater Adjustable Flow
Heater (150W) peter

-10
Compres
N|t(9(%¢5n

N
wl
Y

-107.5

Temp (C)

-108 T T T T T T T T T T T T
0.072 33.578 67.052 100.527 133.991 167.456 200.925 234.402 267.924 301.437 335.319 369.081 402.57:

Time (minutes)
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Signal read-out

+1400 V
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41 ses 1 -?
BB

1.6
Ceramic_|

Break
\ To s
Pump

—

Vacuum Seal

—
=

I
—_|_ Epoxy __~7

JANIAN

— 1.3
Vacuum Chamber 5-2009
8791A2

Faraday Cage

1.2

':_ Sl S 29 1.1

|

e

1
800 100012001400160018002000
us

I|I I|I I|I
09 200 400 600

[=]

Signal from >>Fe 5.9 keV x-ray.

16 channel EXO-200 Front End Card
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LAAPD selection cuts

Relative quantum efficiency

90
80F- )
70E 45F-
60; 402_
50F- 355
40F 0L
= 25¢-
305_ 20F
208 155
10%‘ i 10%—
% 02 04 06 08 1 12 14 SE
Relative QE %

25

20

15

10

Electronic noise

Operating voltage for gain = 100

m.on
1460 1480
Voltage

1 | 1 él 1 | 1 1 1 I 1 1 1 I 1 1 1 | 1 1
1360 1380 1400 1420 1440

R
500

PRI i| P T T l_lrLI [ B o W IR ww N
1000 1500 2000 2500 3000 3500 4000
Noise (electrons)

About 180 APDs had noise >> 4000
electrons and were immediately rejected.

R. Neilson et al., NIM A, 608, 68-75



Gain stability

Three APDs were measured in the test chamber over many
testing cycles. The properties of these were tested many times to
check for variation over time.

| Gain vs time

= [
8100l Blue — APD #16
N Red — APD #31
130 —
120 g
System at 167K =\ ®
(instead of 169Kq—_ D™ o Sk ROE N
- -
100
90 -
7
% 1 1 1 I 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 I 1 1 1 | 1 1 1 |
0 20 40 60 80 100 120 140
Run Number
) ~2 years .
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Photon collection efficiency \

Simulations (with conservative
assumptions) predict photon
collection efficiency of ~¥10-15%

Radius verses z0 Collection Efficiency

N
for double beta decay

Calibration sources inserted into the
cryostat through a copper guide tube

Radius (cm)
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Installing field cages and teflon reflectors

R }‘]‘:h -.: *

.

Loading Resistors
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APD installation




for double beta decay

R \ = ’ 2 - : -“ -: W
Detector Wiring Completed Detector
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Laser pulser for in situ LAAPD testing

We inject a pulse from a 406nm laser diode through an optical fiber into a Teflon
diffuser in the detector to test APD functionality.

July 6, 2010 Russell Neilson 33



Testing installed LAAPDs at Stanford

for double beta decay

The APDs were tested with the laser pulser at Stanford after
installation. The tests were done at room temperature in a boil-
off nitrogen gas environment and only at very low bias voltage.

Jﬂ
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Laser pulser LAAPD signals
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1 kHz laser pulser, TPC filled with nitrogen gas at STP
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Laser pulser signals for multiple
LAAPD gangs with 50V bias
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Liquid xenon energy resolution

Microscopic anti-correlation between
ionization and scintillation.

Reading out both gives improved energy
resolution.

Anode
1 : ‘ |‘ ‘ § ‘ 1 1
» applied ! : : : :
' electric ! ! ! !
| field | | | | |
: 5 : | Tonizing
: ' : - particle :
: - € Xet+ :
' X lxb_xtlxt y ! !
A | | |
P | | | |
Y175 nm 'é ! ! ! !
scintillation v v v v

Cathode
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1 kV/cm drift field, 297Bi EC source
s00+——2—3 500
450 ¢ 1 450
400+ 1 400
3850+, i 350
_wot . { 300
p i
g 20 5
kel
2000 { 200
150 15
1001 10
807 s =2 { 50
0 4ol |
«10 0 200 400 800 800 1000 1200
15000 1
10000 e
5000
0 |
0 200 400 600 800 1000 1200

PMT charge
[E. Conti et al., PRB: 68(2003)054201]

lonization only:
o(E)/E = 3.8% at 570keV gives 1.8% at Qg

lonization and Scintillation:
o(E)/E = 3.0% at 570keV gives 1.4% at Qg
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Recombination model .

Geant4 simulation with a _~§ \‘P
Data from 1.5L Stanford LXe chamber deterministic recombination &
model based on C.E. Dahl’s thesis
(Princeton University, 2009)
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EXO-200 Electronics
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EXO-200 signal read-out

Cathode Plane (-75 kV)

P Charge
, 1 Y—Wire(—4kV) Flex Cable Preamp
38 Ch. [ Digi
gital
|| H lD— Shaper ADC Circuitry
| bl Charge
Flex Cable Preamp
38 Ch. D sh ADC Digital
) 1 T aper Circuitry |
PD plane (-1.4kV) X-wire Trim -

Voltage
T T Flex Cable Er:argmep
, 37 Ch.
! D_ Digital

APD Shaper ADC Cireuitry |

* Data are digitized every 1us, ADC has 12 bits and each event can be recorded for DAQ.

up to 2048 us.
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Event reconstruction

Simulated OvBp event with
bremsstrahlung photon.
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Reconstruction with light only

Error in reconstructed position

It is also possible to do
position reconstruction with
LAAPD signals only to
complement the x-y wire
reconstruction.

simulation - corr _centroid *

IIIiIIIilllilIIilllilllilllilllilllilll
'100 20 40 60 80 100 120 140 160 180 200

z.ﬂ'mufa.!ion 5 Lethet
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Magnetic xenon pump

for double beta decay

Outer ring
magnet

SS flappers on 4-
Highly polished 5/8 conflats

SS tube

| Linear motion
- system

UHMW polyethylene
gaskets

Inner magnet welded
in SS can

3.5”



Xenon recirculation

Uses for pump :

e Recirculate xenon while the TPC is full of liquid.

e Recirculate room temperature gas xenon to remove impurities.
e Increase condensation rate during LXe filling stage.
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Magnetic coupling
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Circulating xenon gas

Q‘\ ohserua,%

\\r

Xe Flow
(SLPM)
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Active muon veto
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Gas recirculation and purity measurements
Since May 2010

We are currently circulating room temperature natural xenon gas.

Gas purity monitor Xenon cold trap

Electronegative impurities detected by
measuring their effect on emission from
a tungsten filament

Xenon is frozen out to allow measurements of
impurities below 1ppb with an RGA.

Xenon purity is looks continuously improving.
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EXO-200: sensitivity
2 year sensitivities for the EXO-200 Ovf3f3 search.

Case |Mass| Eff. | Run | oz/E @ | Radioactive | T,,,% | Majorana mass
(ton)| (%) | Time | 2.5MeV | Background |  (yr, (meV)

(yr) | (%) (events) | 90%CL) | QRPA! NSM?

Ex0-200| 0.2 | 70 2 1.6 40 6.4*10%5 | 109 135

1. Simkovic et al., Phys. Rev. C79, 055501(2009) [g,= 1.25]; 2. Menendez et al., Nucl. Phys. A818, 139(2009) [UCOM results]

EXO-200 will also search for 2v[3p of 136Xe, which has not been observed.

T2 (yr) (no efEi\(I:?QrtIi/))//Z?rplied)
Experimental limit
Luescher et al, 1998 > 3.6 x 1020 <13M
Bernabei et al, 2002 > 1.0 x 1022 <48k
Gavriljuk et al, 2005 > 8.5 x 102 <56 k
Theoretical prediction [T,,,M%]

QRPA (Staudt et al) =2.1.10% =23k

QRPA (Vogel et al) =8.4-10% =0.58 M

NSM (Caurier et al) (=2.1-10%Y) (=0.23 M)




Sensitivity of ton-scale EXO

with barium tagging

Case | Mass | Eff. | Run | oz/E @ 2vpp T,,2,% | Majorana mass
(ton) | (%) | Time | 2.5MeV | Background |  (yr., (meV)
(yr) | (%) (events) | 90%CL) | QRPA! NSM?
'“:?f:va 1 | 70| 5 1.6 |0.5 (use 1)| 2*1027 | 19 24
Aogressl 10 | 70 | 10 1t 0.7 (use 1)|4.1*108| 4.3 | 5.3

1) Simkovic et al. Phys. Rev. C79, 055501(2009) [use
RQRPA and g,= 1.25]

2) Menendez et al., Nucl. Phys. A818, 139(2009), use UCOM

results
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